Affordances represent features of an object that trigger specific actions. Here we tested whether the presence and orientation of a handle on a cup could bias grasping movements towards it in conditions where subjects were explicitly told to ignore the handle. We quantified the grip aperture profile of twelve healthy participants instructed to grasp a cup from its body while it either had no handle, a handle pointing towards, or away from the grasping hand (3 'move' conditions, with large grip aperture). To ensure the smaller grip aperture afforded by the handle was implicitly processed, we interspersed trials in which participants had to grasp the cup from its handle or a handle not attached to a cup with a small grip aperture. We found that grip aperture was smaller in the presence of a handle in the 'move' conditions, independently of its orientation. Our finding, of an effect of the handle during the execution of a grasp action, extends previous evidence of such an influence measured during motor preparation using simple reaction times. It suggests that the specific action elicited by an object's attribute can affect movement performance in a sustained manner throughout movement execution.
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Affordances represent features of an object that trigger specific actions. Here we tested whether the presence and orientation of a handle on a cup could bias grasping movements towards it in conditions where subjects were explicitly told to ignore the handle. We quantified the grip aperture profile of twelve healthy participants instructed to grasp a cup from its body while it either had no handle, a handle pointing towards, or away from the grasping hand (3 'move' conditions, with large grip aperture). To ensure the smaller grip aperture afforded by the handle was implicitly processed, we interspersed trials in which participants had to grasp the cup from its handle or a handle not attached to a cup with a small grip aperture. We found that grip aperture was smaller in the presence of a handle in the 'move' conditions, independently of its orientation. Our finding, of an effect of the handle during the execution of a grasp action, extends previous evidence of such an influence measured during motor preparation using simple reaction times. It suggests that the specific action elicited by an object's attribute can affect movement performance in a sustained manner throughout movement execution.
The concept of 'affordance' was introduced by Gibson 1 to describe how features of objects (such as their physical properties) may be linked to a functional goal and the physical properties of an actor. Several behavioural studies have demonstrated that affordances modulate human movement performance, independent of the intention to act [2] [3] [4] [5] [6] [7] [8] [9] [10] . For example, Tucker and Ellis 2 instructed participants to make finger presses with their right or left hand in response to the orientation (up or down) of a handled object on a screen. They observed faster response times if the orientation of the handle on an object was compatible with the responding hand, reflecting the 'automatic' activation of an action to grasp the handle. Further studies have demonstrated that object features may 'automatically' trigger components of specific actions, such as reaching and grasping [3] [4] [5] . Nevertheless, the exact nature of affordance 'effects' remains elusive. Some authors have argued they represent spatial compatibility effects reported in other contexts [6] [7] [8] [9] . A study by Tipper et al. 10 , described attentional effects using distractor-target combinations which demonstrated spatial-and arm-specific biases during reaching. Later studies investigating distractor-target perturbations extended this work by providing evidence of similar processes in prehension [11] [12] [13] [14] . It is noteworthy that even though the behavioural consequences of affordances may be related to attentional mechanisms, these effects are behaviourally separable to visuospatial attention. Indeed, they are present even when the object is irrelevant to the task 2 and when visuospatial attention is directed away from the object [15] [16] [17] . Further work on the nature of affordance effects suggests that affordances can trigger motor representations 18, 19 . Studies in non-human primates have identified areas in the dorsal stream, which are responsible for selecting the appropriate motor programs for object-directed actions [20] [21] [22] . A 'dorso-medial' network, comprising areas in the posteromedial portion of the intraparietal sulcus and dorsal premotor cortex, implicated in on-line reaching and action selection, interacts with a 'dorso-lateral' network comprising area F5 and anterior intraparietal regions (AIP), implicated in grasp selection [21] [22] [23] . Recent studies suggest that computations for reach and grasp actions might be integrated 24 . The degree of interaction between them depends on task demands, the degree of online control and visual feedback required by an action 25, 26 . Human homologues of these areas have been demonstrated in functional neuroimaging studies [27] [28] [29] [30] . Additionally, motor representations triggered by affordances have been elicited with techniques such as TMS 31, 32 and EEG [33] [34] [35] . A study by Buccino et al. 31 demonstrated greater motor excitability in the affording effector specifically when participants were presented with images of handled objects in which the handle was intact (and could therefore be grasped by the tested hand) and not in images of these objects in which the handle was 'broken' .
The studies mentioned above have described 'affordance' effects mostly during action planning. However, the use of behavioural measures, such as reaction times, to measure these effects, has been criticised for failing to represent the full nature of the action triggered by objects 6 . One way to remedy this would be to study affordance effects during action execution.
This was done in an original study derived from the neuropsychology literature 36 . A patient with alien-limb syndrome due to cortico-basal degeneration (CBD) was asked to pick a cup on the right or left side of the table using the hand that was on the same side of the table as the object, irrespective of the orientation of its handle. When the cup was on the left, and its handle oriented to the right, the patient tended not to grasp the object with her left hand (the required response) but rather grasped it with her right hand, i.e. the grasp action being cued by the orientation of the object in relation to the patient's preferred hand. This grasp action preference was felt to demonstrate an affordance of the handle on the cup, and was specific to this action as it was not elicited when the patient was asked to point to the cup 36, 37 . Based on these early findings we sought to investigate whether affordances, whose effects have mainly been described on movement planning, could elicit movement representations during the execution phase of a reach-to-grasp action to an object, in healthy human volunteers. We used quantifiable kinematic measures of movement, namely the grip aperture (i.e. the distance between thumb and index finger) to investigate the effect of the presence and orientation of a handle on a cup, whilst participants were asked to grasp the object from its rim in order to 'move' it to another location.
We hypothesised that grip apertures would be smaller in the presence of a handle on the cup, particularly if this was oriented in the direction of the grasping hand, as in previous studies investigating the role of affordances on actions [2] [3] [4] [5] [6] . However, there was a concern that due to the need for many repetitions of these trials, any affordance effect of the handle on the cup would not be detected if participants were not engaged in grasps targeted to 12 Participants were presented with one of three objects: a cup with a handle (that was either pointing 'towards' or 'away' from the grasping hand), a cup with no handle and a 'handle only' . They were either instructed to grasp a cup to 'move' it; or to pincer grip the handle to 'drink' from it. The former required them to grasp the cup from its top end and move it from a central position on a table to a box that was adjacent and to the back of the object. The latter instruction was only provided for the cup with the handle oriented toward the grasping hand ('handle on cup') or with the 'handle only' that had the same dimension as the handle of the cup. Instructions were provided verbally at the same time as the object was presented by opening of PLATO-occlusion glasses. Each of the 5 conditions was presented randomly and repeated over 20 trials.
Scientific REpoRts | (2018) 8:171 | DOI:10.1038/s41598-017-18591-5 the handle of the cup as well. To this end, trials with a 'move' instruction were interspersed with ones where participants had to grasp the handle of the cup, in order to 'drink' from it, to ensure the small precision grip afforded by the handle was implicitly processed. An additional 'drink' condition was included, which involved grasping a handle on its own whose purpose was to investigate affordance effects of the body of the cup on the handle in the drink conditions 17 (Fig. 1b , see also videos in supplementary material). This generated a total of five conditions: two for the 'drink' actions, and three for the 'move' actions: one with the handle directed towards the grasping hand, one with the handle away, and one with no handle.
Participants were instructed to hold their index and thumb fingers together (in a pincer grip) at the start of every movement before making the grasp action required for the task: namely a small precision grip to grasp the handle when instructed to 'drink' , or a larger precision grip to grasp the cup from its rim when instructed to 'move' it. Each movement was self-paced and the start of the movement was indicated by the opening of PLATO-occlusion spectacles (see Methods).
In addition to investigating affordance effects at the time of maximum grip aperture prior to grasping the object, we examined the time course of these effects throughout the movement execution phase by quantifying the grip aperture profile in 10% steps from movement onset until maximum grip aperture 38 .
Results
Kinematic data from a total of 12 participants were analysed for grip apertures relating to the five conditions of our task, leading to a large precision grip (in the three 'move' conditions) and a small precision grip (in the two 'drink' conditions). The results of these analyses are outlined below and in Figs 2 and 3.
Errors. The error rates were analysed using a one-way repeated-measures analysis of variance (ANOVA) with five conditions (three 'move' and two 'drink' conditions) entered for each participant to identify whether error rates were different between conditions. There were 2.9% of errors across all trials, which were excluded from the overall analysis. These included errors caused by the experimenter (e.g. positioning the wrong cup, 0.33%), or errors made by the participant. In the latter category, there were errors in failing to initiate the movement with a pincer grip -leaving an open gap between the thumb and the index finger (0.25%) -these trials were excluded due to difficulty estimating the maximum grip aperture. The remaining errors (1.81%) related to errors made by participants in the different trial types (e.g. performing a small precision grip instead of a large one when asked to 'move' the cup or vice versa when asked to 'drink'). The ANOVA revealed no significant main effect [F(1,4) = 1.14; MSE = 0.39; η 2 = 0.35; p = 0.09], suggesting these errors were distributed in approximately equal numbers across all conditions.
Grip apertures.
The maximum grip apertures (MGA) for each of the five conditions were entered into another one-way repeated-measures ANOVA with the factor 'HANDLE' ('towards' , 'away' , 'no handle' in the three 'move' conditions, 'handle only' and 'handle on cup' in the two 'drink' conditions). This ANOVA, with a Greenhouse-Geisser correction, showed significant differences in MGA between all the handle conditions [F(1.29, 14.15) = 379.13; MSE = 64.16; η 2 = 0.97; p < 0.0001], as illustrated in Figs 2 and 3. We describe changes in grip aperture in the 'move' and 'drink' conditions separately, in the paragraphs below. In the post-hoc t-tests described below, we applied a Bonferroni correction for multiple comparisons across all 5 conditions (see Methods).
Grip apertures in the 'move' conditions. The MGAs for 'move' conditions were all significantly larger than those for the 'drink' conditions, and were also significantly different from each other (Figs 2 and 3) .
The smallest MGAs in the 'move' group were the ones with a handle. Specifically, the 'move' condition with the handle pointing 'towards' the grasping hand (Mean = 100.04 mm, SEM = 2.01 mm), led to similar grip apertures to the one with the handle pointing 'away' (Mean = 101.18 mm, SEM = 2.06 mm; t(11) = −2.9, p = 0.14). Both grip apertures were significantly smaller compared to the grip aperture when there was 'no handle' on the cup (Mean = 102.77 mm, SEM = 2.25 mm; towards versus no handle: t(11) = −6.2, p = 0.00069; away versus no handle: t(11) = −4.4, p = 0.0099). These results were consistent across participants and are outlined in Fig. 3 . Figure 2a shows the grip aperture profile averaged across participants in each task condition from the start of movement to the time just after participants reached their MGA. Traces were normalised relative to the time subjects reached MGA (100%).
Effects at earlier time points.
In order to identify whether the MGA modulation induced by the handle in the 'move' conditions was also present earlier during movement execution, we analysed the grip aperture profile at several time points leading to the MGA time. Intervals of 10% were taken from 10-100% of time to MGA and analysed in a 10 (%MGA step) × 3 (HANDLE) repeated measures ANOVA. The Greenhouse-Geisser corrected main effects of '%MGA step' was significant The differences in MGAs between the three 'move' conditions were present at early stages. Post-hoc comparisons with Bonferroni correction revealed the first difference in grip aperture to emerge between the 'handle toward' and 'no handle' conditions when participants had reached 60% of their MGA before grasping the object. This effect persisted until participants reached MGA. The difference in grip aperture between the 'handle away' and the 'no handle' conditions appeared at a later stage when participants reached MGA. The details of these differences (including statistical significance) throughout the reaching phase are highlighted in Table 1 Grip apertures in the 'drink' conditions. As mentioned in the introduction, 'drink' trials requiring a small precision grip were interspersed with the 'move' trials, requiring a small precision grip. The purposes of these trials were 1) to ensure the implicit manipulation afforded by the handle in the 'move' trials, as in previous studies investigating affordances [2] [3] [4] [5] [6] and 2) to investigate whether the large precision grip prompted by the cup led to larger grip apertures when preparing a small precision grip towards the handle. Two conditions, involving a small precision grip directed to the object, were generated to enable this: one involving grasping the handle of the cup, which in this case was always oriented in the same direction as the grasping hand ('handle on cup'), and one involving grasping a handle on its own, with no cup ('handle only'). Both conditions were preceded by the instruction to 'drink' , indicating that a small precision grip was to be used.
A paired samples t-test comparing the two 'drink' conditions revealed no significant differences in MGA between the 'handle only' (Mean = 54.48 mm, SEM = 2.17 mm) and 'handle on cup' conditions (Mean = 55.03 mm, SEM = 1.99 mm; t(11) = −0.47, p > 0.1). For this reason, we did not analyse changes in grip aperture at earlier time points. conditions. In the former conditions, we observed significant modulation in grip aperture relating to the presence of a handle, even though the dimensions of the cup that was moved were identical. The MGA was largest in the move conditions when the cup had no handle. It was significantly reduced when the cup had a handle oriented away and when this was oriented toward the grasping hand. The grip apertures for the two 'drink' conditions, namely with a 'handle on cup' or a 'handle only' showed no significant modulation. (b) Represents the grip aperture histograms for each of the 3 move conditions. The data has been grouped in 10% of MGA time points, demonstrating significant differences in grip aperture between conditions over time (handle toward vs no handle occurring at 60% until 100% of MGA, handle away vs no handle occurring at MGA, see results section). *p = < 0.05, **p < 0.001. Influence of the previous trial on grip aperture. We investigated whether there was an influence of the grip aperture performed in the previous trial on the affordance effects induced by the handle, described above. To this end, we performed a further two-way repeated-measures ANOVA with factors: 'grip type in the previous trial' (large (in the 'move' conditions) or small (in the 'drink' conditions) precision grip) and 'HANDLE' (5 conditions, as above).
This ANOVA again revealed a main effect of 'HANDLE' [F(1.27,13.9) = 373.32; MSE = 133.28; η 2 = 0.97; p < 0.0001], which was mostly driven by differences between large and smaller grip apertures for drink and move conditions (see supplemental material 2). The main effect of 'grip type in the previous trial' [F(1,11) = 0.06; MSE = 5.83; η 2 = 0.005; p = 0.81], and the interaction between the two [F(4,44) = 2.06; MSE = 2.68; η 2 = 0.16; p = 0.15] were not significant. This suggests that the effects we observed were not related to a carry-over effect or priming influence of the previous trial on the next one, but were genuinely relating to the influence of the presence and orientation of the handle on the cup.
Other performance measures influenced by affordances. We investigated the influence of the handle and previous grip on the speed of movement preparation and movement execution, using reaction and movement times, respectively (shown in Table 2 ).
Reaction times (RTs), defined as the time between the opening of the glasses and movement onset, were entered in a further one-way ANOVA with five conditions. This revealed a significant main effect of 'HANDLE' on RTs [F(4,44) = 8.86; MSE = 0.001; η 2 = 0.45; p = 0.001]. Post-hoc t-tests revealed this was driven by a difference in the presence of a handle. RTs in the move condition with 'no handle' were the shortest (see Table 1 ) compared to all the other conditions. Significant differences in RTs were identified between the conditions 'handle on cup' and 'handle only' (both 'drink' conditions) versus the 'no handle' condition (t(11) = 5.5, p = 0.002 and t(11) = −7.4, p = 0.00013, respectively). Taken together, these results showed that RTs for large targets, in the absence of a handle, were shorter, whereas RTs in the drink conditions were longer. This reflects speed-accuracy trade-offs previously described when grasping an object with smaller width 39 . A further ANOVA was performed for the movement times, defined as the time between movement onset and movement offset (MTs, see Methods section), which were entered in a similar one-way ANOVA with 5 conditions for 'HANDLE' . This revealed no significant main effect (F(1.45,15.9) = 2.4; MSE = 0.004; η 2 = 0.18; p = 0.13), suggesting no difference in MTs between conditions.
Discussion
In this study, the kinematic measures of grasp (namely grip aperture) were modulated by the presence of a handle on a cup. The maximal grip aperture (MGA) was smaller when grasping a cup with a handle, compared to grasping a cup with no handle, despite the fact both objects were of the same size at their grasping points (specifically, they had the same height, weight and diameter, see Methods). This effect was observed in the 'handle toward' , 'move' condition, where it was present early on and prior to reaching maximum grip aperture (from the time the grip aperture was at 60% of MGA), when reaching to grasp the cup. To our surprise, there was also an effect of the handle in the 'handle away' compared to the 'no handle' , 'move' conditions, even though the handle in this condition was oriented away from the grasping hand. This effect was observed at the time of maximal grip aperture.
Participants had been instructed that in the 'move' trials they had to grasp the cup from its rim, between their thumb and index finger, to move it to a location behind. There was no requirement to grasp the cup from its handle on those conditions. There was no significant difference in errors according to trial type, suggesting that participants understood and followed this instruction accurately.
The presence of a handle in the 'drink' conditions compared to 'move' condition with 'no handle' revealed longer reaction times. Previous studies, have reported longer reaction times when grasping an object with smaller width 39 . The effects identified in MGA and RTs suggest that the handle on the cup afforded the action to grasp the cup from the handle, in addition to the action instructed by the task, which required a larger precision grip.
Further analyses investigating the effects of the previous trial on the grip aperture in the next one demonstrated that the affordance effects we identified were not a consequence of carry-over effects. Taken together, these findings support our hypothesis that execution of the grasp in the 'move' conditions likely incorporated the representation of a smaller grip targeted to its handle, when this was present on the cup. Interestingly, by using kinematic measures (namely grip apertures) we were able to obtain an insight into how these processes evolve dynamically over time, in a way that has not been previously described in the literature. We discuss our findings in light of previous literature on the effects of affordances on action, with a particular focus to paradigms eliciting affordances implicitly, comparing these to stimulus-distractor paradigms in which they may be elicited more explicitly in order to make a choice between two actions. We end our discussion with some literature on the cognitive control of affordances, which may modulate their effects.
Implicit representations of grasp actions triggered by affordances.
There are several accounts in the literature on the influence of affordances on action representations (see Introduction) [1] [2] [3] [4] [5] [6] 12, 13, 17 . Studies have argued affordances influence movement preparation in reaching tasks, possibly by eliciting motor representations of target locations 10, 11, 40 . Our results extend these findings and suggest that presence of salient, graspable features on a real everyday object also influence grasping, and that they can be identified during movement executionquantified here by the grasp aperture profile taken at MGA and earlier time points.
They concur both with recent results demonstrating affordance effects in reaching tasks 40, 41 , and with the original study by Riddoch et al., which had demonstrated an effect of object handle on the choice of grasp in a patient 36 . Similar results have also been obtained with studies investigating kinematic changes in grip aperture in the context of distractor-target paradigms [11] [12] [13] [14] 42 . The main difference between our study and these latter paradigms, was that our affordance effects are unlikely to be attributable to an explicit process of competition between actions 19 . As in original studies of affordance 2-6 the effects of the handle of the cup on grasp representations was observed in the 'move' conditions, despite the fact participants were not explicitly required to grasp the handle itself. Even though our task did not explicitly invoke a choice between actions, both small and large precision grips were randomly elicited in response to the instruction and object to use, in the same way as both left and right button presses were required for performance of Tucker and Ellis' original task demonstrating effects of affordances 2 . Hence our findings suggest that movement representations to grip the handle might have been elicited implicitly and in the absence of a requirement for their use 2, 6, 17 . Conversely, stimulus-distractor studies such as the ones described by Castiello et al. [11] [12] [13] [14] demonstrated interference of grip apertures to target objects when distractor objects of similar size versus different sizes where positioned in near, as opposed to distant locations, suggesting these representations occurred in the context of choice or ('forced choice' 11 ) action selection. These effects might represent a mechanism by which participants could reprogram their grasp actions in response to changes in the environment. Such processes have recently been shown to also occur implicitly 43 . This mechanism would allow them to adjust their grasp in response to contextual factors and to adapt their choice of grasp to objects of different sizes, shape and orientation.
Some unexpected findings.
It is noteworthy that we observed an affordance effect even when the handle was oriented in the direction opposite to that of the grasping hand. This supports our conjecture that the handle may be triggering a motor representation implicitly to form a small precision grip in this condition, even if this would have led to an uncomfortable grasp posture. Affordance effects have recently been shown to interact with factors affecting biomechanical constraints during grasp actions, measured, for example, with the end state comfort effect 44, 45 . These studies suggest that although both affordances and end comfort aim to reduce the manifold of possible actions that can be elicited by providing perceptual or biomechanical constraints, respectively, they are indeed separable and interact with one another such that affordances may, in some instances, override biomechanical constraints to facilitate movement selection under some task conditions 44 . In our study, we interspersed trials in which participants performed a larger precision grip to the rim of the cup in order to 'move' it with trials in which participants performed a precision grip either targeted to the handle of the cup or to a handle on its own. However, unlike the modulation in grip aperture we observed in response to the presence of a handle on the cup in the 'move' conditions, there was no modulation of the cup on the handle in the 'drink' condition.
One possibility for this finding may be that the grip apertures for the precision grips to the handle in the 'drink' conditions were too small to identify subtle differences between conditions using the kinematic measures we opted for, despite the fact it might have been present. Another possibility is that the precision grip performed on the handle in order to 'drink' from the cup may be more salient than the action to move it using a larger precision grip to its rim. This would entail that in addition to the affordance effect induced by object features, there might have been a semantic effect provided by the knowledge of the object and its function that reinforces its affordance 42, [46] [47] [48] [49] [50] [51] . If this is the case, our findings might suggest that participants would consider the affordance of grasping the cup from its body to a lesser extent than grasping it by its handle. Further investigations, using these paradigms in a functional neuroimaging environment, might help identify the underlying mechanisms for these. The cognitive control of actions elicited by affordances. Several accounts have, as in our results, identified motoric representations driven by affordances, which were independent of task instruction [2] [3] [4] [5] [6] [7] [8] [9] [10] . Although most of them argue for their automatic elicitation, there is evidence to suggest that affordance effects can also be contextually driven 6, 17, 20, 52 . Original studies suggesting that actions could be triggered 'automatically' derive from the neuropsychology literature, where in some conditions affecting inhibitory control, perception may, indeed, automatically influence action performance. An example of this is in patients with frontal lobe lesions, who display 'utilization behaviour' 53 . Similarly, patients with ' Alien-limb syndrome' demonstrate an inability to suppress actions elicited by objects or the environment 36, [54] [55] [56] . However, more recent accounts of these behaviours have challenged this assumption in patient populations, suggesting that the perceptual effects observed on these patients' actions may depend on the observer's intentional set and task requirements 6, 17, 54 . For example, in the study by Riddoch et al. 36 , the finding of object-directed actions in a CBD patient was specific to actions that involved grasping of the cup, as opposed to actions involving pointing to it. In addition, they were attenuated when the cup was presented upside down. These results agree with more recent studies in which TMS was used to elicit motoric representations triggered by affordance under conditions of high versus low working memory load. These studies have demonstrated that affordance effects are likely under a form of cognitive control 617, 57 , possibly involving dopaminergic systems in the brain 58 .
In conclusion, this study is the first to suggest an influence of 'affordance' during grasp actions, using kinematic measures. The affordance effects observed here were sustained throughout the reaching phase when grasping an object, and despite there not being a requirement from the task to use an alternative grasp. This extends findings from previous studies, which demonstrated affordance effects using reaction time differences during movement planning [2] [3] [4] [5] [6] [7] [8] [9] [10] , by providing evidence that this effect is also present during movement execution. Further studies will be required to investigate the nature of these effects and whether different responses to affordances in grasp may be sub-served by different brain networks involving dorsal and ventral stream pathways [21] [22] [23] [24] [25] [26] 42, [48] [49] [50] [51] .
Methods
Participants. Twelve right-handed participants aged 23-35 years old (mean age 27.5; 6 Males, 6 Females) with normal or corrected-to-normal vision participated in this experiment after providing informed consent, based on previous studies which used a similar number of participants 19, 26 . Eight participants were tested at KU Leuven and 4 additional participants underwent the same procedure at the University of Oxford. The experimental procedures were approved by the ethics committee at KU Leuven and the University of Oxford (Central University Research Ethics Committee), respectively, and were carried out in accordance with the approved guidelines.
Stimuli. The experimental set-up is outlined in Fig. 1 . Participants sat in front of a table on which an object was positioned at a distance of 40 cm in front of them (distance from the edge of the table to object in the midline). The object was placed in a position located centrally, over an area measuring 16 cm 2 on the table in front of the participant. Behind this was a rectangular cardboard box measuring 10 cm × 15 cm and 3 cm in height, upon which the participants had to place the object when they heard the instruction to 'move' it.
One of three objects were presented to participants (see Fig. 1b ): a cup with no handle measuring 6.5 cm in height, 4.5 cm in width at the opening and 80 g in weight; a cup with handle of identical dimensions (the handle diameter was 2.5 cm), height of 6.5 cm and width of 4.5 cm at the opening, also weighing 80 g; and a handle made up of a stick and tape measuring 6.5 cm in height and 2.5 cm in diameter (i.e., identical dimensions to the handle of the cup) and weighing 10 g. The cup with a handle was either presented with the handle pointing to the right or the left side. The former (right side) was in the same direction as the grasping hand.
One of two verbal instructions was provided (Fig. 1b and video -supplementary material): either to 'move' the object or to 'drink' from the object. In the 'move' condition, participants had to perform a large precision grip to pick the cup from its rim, between their index finger and their thumb, in order to position it on the box located immediately behind the object. In the 'drink' condition they had to perform a small precision grip to pick the handle (only) or the handle of the cup and bring it to their mouth, as if to drink from the object.
Apparatus. Participants wore liquid-crystal PLATO-occlusion glasses (Milgram, 1987 ) that allowed the timely start and suppression of vision during the experiment. An electromagnetic tracking system was used to obtain kinematic measures of grasp actions in this task (trakSTAR [NDI Europe, GMbH], sampling rate 240 Hz). Two sensors were used to measure grasp aperture and hand direction. These were positioned 1) on the thumbnail, and 2) the nail of the index finger (Fig. 1a) . Informed consent has been obtained from the healthy participant who took part in this experiment, and is depicted in Fig. 1a , to be photographed and filmed during performance of the task and for this to be made available in an online open-access publication.
Procedure. Participants rested their right hand on the side (against a foam located 20 cm from the midline) with their fingers positioned in a pincer grip (closed). A trial started with the instruction provided by the experimenter. This occurred at the same time as the experimenter pressing a computer key, which triggered the opening of the liquid crystal occlusion glasses, allowing visualisation of the object.
They reached to grasp one of three objects: a cup with a handle, a cup with no handle or a handle only. There were two possible actions they were instructed to make: either to 'move' or to 'drink' . The conditions to 'move' were only presented with the cup with a handle pointing to the right (handle towards condition) or the left (handle away) or with the cup with no handle (no handle). In these conditions, participants had to move the cup from a central position to a box located behind, by grasping the object between their thumb and index finger from the top. In the 'drink' conditions, which were only presented for the cup with a handle pointing to the right (i.e. the same direction and the grasping hand; handle on cup condition) or for the handle on its own (handle only condition), participants had to grasp the cup from the handle (or the handle by itself) with a pincer grip, in order to bring it to their mouth.
The glasses remained open for 5 seconds. Participants were allowed to perform the instructed action at their own pace. The glasses closed allowing the next trial instruction to be given by the experimenter. Kinematic measures of their grasp were obtained from the start of the movement to the time they grasped the object.
The objects and instructions were presented in random order; the equipment was controlled by a computer program using code written in MATLAB (MathWorks). A total of 100 trials (20 repetitions of each condition) were obtained for each participant.
Analysis. Kinematics were analysed off-line using custom-written scripts in MATLAB (MathWorks).
Maximum grip aperture (MGA) was measured as this occurs before any interaction with the object takes place and is therefore independent of the exact object dimensions, thus providing a good indication of the influence of perception on action 17 . The MGA was calculated as the maximum distance between the thumb and index fingers prior to the object being grasped.
Movement onset was defined as the point one of the fingers reached a velocity 120 mm/s that continued to increase to at least 300 mm/s to account for initial noise from small movements of the hand before initiating the grasp. Movement offset was the point after the reach, where both fingers' velocities dropped below 120 mm/s again, which occurred at the time the object was being grasped. Before calculating the velocity, the position data was filtered with a bidirectional low-pass Butterworth filter (second-order, 15 Hz cut-off frequency).
For comparison of the reach traces across trials, movements were aligned in time at the start of the movement and the time point when participants' MGA was reached. The traces were resampled in 10% steps that reflected the percentage of time to MGA (where 0 was the movement onset and 100% was time of MGA - Fig. 2a and b) .
For data analysis, repeated measures Analysis of Variance (ANOVAs) were used to analyse the following dependent variables: MGA, Reaction Times (RTs), Movement Times (MTs), and error rates. All analyses were initially performed using a one-way ANOVA with five levels (HANDLE, which included the 3 'move' conditions and the 2 'drink' conditions). The data were normally distributed, however in some of these ANOVAs (namely MGA), the assumption of sphericity (Mauchly's test) was violated, so a Greenhouse-Geisser correction was applied to test for statistical significance. All ANOVAs presented here were performed using IBM SPSS Statistic 22 for Windows software (SPSS Inc., Chicago, IL). We used a significance level of = 0.05 both for the kinematic, reaction and movement time and error rate analyses. An additional 2 (previous grasp, large or small) × 5 (HANDLE) ANOVA was performed for MGA to investigate the possibility of carry-over effects from the previous trial.
Moreover, in the presence of a statistically significant effect, post-hoc, paired samples t-tests were performed comparing differences in mean MGA between respective conditions, with a Bonferroni correction.
To further investigate effects of interest, namely differences in MGA over time, we also carried out a comparison on the 'move' conditions at different times relative to MGA in a 10 (% MGA step) × 3 (HANDLE) repeated measures ANOVA. The % MGA steps were here the grip apertures at 10-100% of MGA time (Fig. 2b) .
